Activation of brain ␣7 nicotinic acetylcholine receptors (␣7 nAChRs) has broad therapeutic potential in CNS diseases related to cognitive dysfunction, including Alzheimer's disease and schizophrenia. In contrast to direct agonist activation, positive allosteric modulation of ␣7 nAChRs would deliver the clinically validated benefits of allosterism to these indications. We have generated a selective ␣7 nAChR-positive allosteric modulator (PAM) from a library of GABA A receptor PAMs. Compound 6 (N-(4-chlorophenyl)-␣-[[(4-chlorophenyl)amino]methylene]-3-methyl-5-isoxazoleacet-amide) evokes robust positive modulation of agonist-induced currents at ␣7 nAChRs, while preserving the rapid native characteristics of desensitization, and has little to no efficacy at other ligand-gated ion channels. In rodent models, it corrects sensory-gating deficits and improves working memory, effects consistent with cognitive enhancement. Compound 6 represents a chemotype for allosteric activation of ␣7 nAChRs, with therapeutic potential in CNS diseases with cognitive dysfunction.
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cognition ͉ ion channels ͉ memory ͉ nicotine ͉ schizophrenia A range of neurological and psychiatric disorders involve cognitive deficit, including Alzheimer's disease, schizophrenia, and attention deficit hyperactivity disorder. Many studies support a significant role of ␣7 nicotinic acetylcholine receptors (␣7 nAChRs) in these diseases, suggesting that modulation of ␣7 nAChRs represents an effective therapeutic strategy (1) .
␣7 nAChRs are rapidly desensitizing ligand-gated Ca 2ϩ channels that are highly expressed in the hippocampus, a limbic structure intimately linked to cognition, attention processing, and memory formation (2) . Deficits in ␣7 nAChR expression and function are associated with cognitive impairment in Alzheimer's disease and schizophrenia (3, 4) and with reduced cognitive performance in animal models (5) . Consistent with these findings, activation of ␣7 nAChRs results in improved cognitive performance in both animal models and humans (6, 7) , supporting the concept that identification of selective ␣7 nAChR activators may yield potential drugs for treating cognitive disorders (1) .
Enhancement of ␣7 nAChR activity via positive allosteric modulation would provide the advantages of allosterism to treat patients afflicted by these therapeutically underserved CNS disorders. A key advantage of allosteric modulation is enhanced receptor activity only in the presence of the endogenous agonist, thereby preserving the temporal integrity of neurotransmission (8) . Positive allosteric modulators (PAMs) have a long and successful clinical track record exemplified by the benzodiazepine family of drugs (e.g., diazepam), which function as allosteric modulators of GABA A receptors (9) . Although several small-molecule ␣7 nAChR PAMs have been reported, including galantamine, 5-hydroxyindole, and PNU-120596 (10) (11) (12) , none alone offers the characteristics of an ideal ␣7 nAChR PAM: selectivity, potency, and modulation accompanied by the maintenance of rapid receptor desensitization kinetics, a fundamental characteristic of these ligand-gated ion channels. For example, the Alzheimer's disease drug galantamine evokes very low efficacy positive modulation over a narrow concentration range in vitro and is nonselective (13, 14) . Galantamine is also a nAChR channel blocker at slightly higher concentrations and has anticholinesterase activity, which is the original basis for its use in Alzheimer's disease (10). 5-hydroxyindole evokes more robust positive allosteric modulation of ␣7 nAChRs, but with potency in the millimolar range (11) . PNU-120596, a recently reported selective ␣7 nAChR PAM, has behavioral activity in reversing sensory-gating deficits in rodents (12) , helping to validate the concept that a selective ␣7 nAChR PAM may have efficacy in schizophrenia. However, positive modulation by PNU-120596 is accompanied by a profound retardation of the kinetics of desensitization, raising the potential for Ca 2ϩ -induced toxicity through excessive stimulation of ␣7 nAChRs (15, 16) . PAMs with this property will likely have limited clinical usefulness.
Drug discovery efforts to identify novel ␣7 nAChR PAMs are hampered by technical difficulties associated with the rapid desensitization of native ␣7 nAChRs. To circumvent these problems, high-throughput screening methods have used mutated or chimeric ␣7 nAChRs in which channel kinetics are slowed to assist in detection of channel activity when using plate-reader assay formats (17, 18) . By using this approach, which actually confounds the ability to detect compounds that preserve native desensitization kinetics, only PAMs like PNU-120596 and others that drastically alter channel kinetics have been identified to date (12, 19) . Consequently, the discovery of selective ␣7 nAChR PAMs that closely preserve native channel kinetics remains an important but elusive goal in this field.
In addition to the difficulties of screening compounds for modulatory activity on ␣7 nAChRs, the identification of druglike chemotypes on which selective ␣7 nAChR PAMs can be derived has been problematic. We had previously identified a series of GABA A receptor PAMs that evoke modulation at a site distinct from the benzodiazepine binding site (20) , and had synthesized a small focused library of compounds in this structural series. Given the sequence homology between GABA A and nACh receptors (21), we hypothesized that compounds from our GABA A PAM library may also modulate ␣7 nAChRs. Applying this rationale, we screened this library for positive modulation of native human ␣7 nAChRs expressed in Xenopus oocytes by using standard two-electrode voltage-clamp electrophysiology. The advantage of this simple low-throughput method is that it can detect the native rapid kinetics of channel gating. By using this methodology, we identified a highly selective ␣7 nAChR PAM, compound 6 (N-(4-chlorophenyl)-␣-[[(4-chloro-phenyl)amino] methylene]-3-methyl-5-isoxazoleacet-amide), from compounds that are PAMs of both GABA A and ␣7 nACh receptors. In contrast to PAMs like PNU-120596, currents enhanced by compound 6 retain the rapid kinetic and desensitization properties of the native channel. In addition, compound 6 does not induce toxicity in a cell line expressing ␣7 nAChRs, whereas PNU-120596 is highly toxic in this system. Consistent with its in vitro profile, compound 6 normalizes sensory-gating deficits, reverses MK-801-induced hyperlocomotion, and improves working memory in rodent models relevant to cognition and schizophrenia. Our translational design strategy of applying principles learned from creating novel PAMs of GABA A receptors has yielded a chemotype for the design of therapeutically useful ␣7 nAChR PAMs.
Results
Identification of a Selective ␣7 nAChR PAM. We screened our library of novel GABA A receptor PAMs (20) to identify compounds that modulated submaximal nicotine-evoked currents at human ␣7 nAChRs by using standard Xenopus oocyte electrophysiology. A screening hit, compound 1, evoked concentrationdependent high efficacy positive modulation of both ␣7 nACh and GABA A receptors, but did not modulate ␣4␤2 nAChRs or 5-hydroxytryptamine 3A (5-HT 3A ) receptors [supporting information (SI) Fig. 6 ].
Compound 1 provided the initial template for structureactivity relationship studies with the initial goals (i) to increase selectivity vs. GABA A receptors to avoid potential side effects (e.g., sedation) associated with robust GABA A receptor stimulation, and (ii) to generate a compound with adequate bioavailability for behavioral studies (SI Fig. 7 and SI Materials and Methods). Three groups around the core enaminone of compound 1 were chemically modified: the aryl ketone, the ethyl ester, and the aniline to improve selectivity for the ␣7 nAChR and enhance bioavailability. Compound 6 resulted from these chemical modifications and was chosen for further characterization.
Compound 6 (0.1 nM to 10 M) did not displace the binding of the selective ␣7 nAChR antagonist 125 I-labeled ␣-bungarotoxin to rat brain tissue as quantified autoradiographically (SI Fig. 8 and SI Materials and Methods), nor did it directly evoke currents in oocytes expressing human ␣7 nAChRs (Fig. 1a) . These data suggest that compound 6 does not bind to or activate ␣7 nAChRs via the orthosteric site. However, compound 6 evoked concentration-dependent positive modulation of agonist-evoked currents in oocytes expressing human ␣7 nAChRs. In one series of experiments (e.g., Fig. 1a ), the concentration of the agonist was fixed at 5% (EC 5 ) of the maximal current (I max ) and the effects of compound 6 were assessed. Maximal extent of efficacy of positive modulation of EC 5 -evoked control currents peaked at 45%, 60%, and 60% of the maximal agonist response for these three agonists, respectively ( Fig. 1 a  and b) . In a second series of experiments, a fixed concentration of compound 6 (1 M) induced a leftward shift in the concentration-response curve for ACh, resulting in an Ϸ2.7-fold reduction in the EC 50 values for ACh from 136 Ϯ 0.1 M (control) to 50 Ϯ 0.1 M (in the presence of compound 6) and a slight increase in n H values from 1.0 Ϯ 0.2 to 1.2 Ϯ 0.3, respectively (Fig. 1c) . Positive modulation evoked by compound 6 at ␣7 nAChRs in oocytes was independent of membrane voltage and did not change the reversal potential, suggesting that compound 6 does not alter ion selectivity (SI Fig. 9 ).
Compound 6 did not evoke modulation of EC 5 -evoked currents at human ␣4␤2, rat ␣3␤4, and mouse ␣1␤1␥␦ nAChR subtypes or human 5-HT 3A receptors expressed in oocytes (Fig.  1d ). In contrast, compound 6 evoked low efficacy concentrationdependent positive modulation of submaximal GABA-evoked currents at human GABA A ␣1␤2␥2L receptors expressed in oocytes. Maximal efficacy for modulation of EC 5 -evoked GABA currents by compound 6 peaked at Ϸ15% of the maximal GABA response with an EC 50 value of 6.3 Ϯ 0.2 M (SI Fig. 10 ). These data suggest that compound 6 is selective for human ␣7 nAChRs among the ligand-gated ion channels tested.
Compound 6 also evoked positive modulation of cholineevoked currents in SH-SY5Y cells transfected with ␣7 nAChRs (''SH-␣7 cells'') (22) , with a 1.8-fold increase over control (SI Fig. 11 and SI Materials and Methods). These modulated currents were blocked by 10 nM of the ␣7 nAChR antagonist methyllycaconitine, suggesting that these effects were mediated by ␣7 nAChRs.
Characterization of Macroscopic Kinetics of Desensitization. At ␣7 nAChRs in oocytes, compound 6 potentiated agonist-evoked currents while preserving the native channel kinetics, including rapid activation and rapid desensitization ( Fig. 2 a and b) . In contrast, currents modulated by the reference PAM, PNU-120596, were accompanied by a significant retardation in channel kinetics ( Fig. 2 a and b) , as previously reported (12) . To further test the properties of modulation, we simulated temporal synaptic events by repeated brief agonist exposures (0.5 and 0.02 Hz). Compound 6 increased currents relative to controls at both frequencies during coapplication of nicotine, without changing the macroscopic kinetics (Fig. 2c) . In contrast, PNU-120596 increased currents with a profound slowing of desensitization kinetics; currents did not return to baseline during this temporal sequence. Finally, we tested compound 6 for the potential to reverse desensitization evoked by extended exposure to the agonist, as reported for PNU-120596 (12). Unlike PNU-120596, compound 6 did not reverse desensitization evoked by a 2.5-min exposure to nicotine (Fig. 2d) .
Cytotoxicity of Selective ␣7 nAChR PAMs. Compound 6 and PNU-120596 were assayed for potential cytotoxicity by using the SH-␣7 cell line (22) . Before the toxicity assays, we tested these cells by using patch-clamp electrophysiology to confirm (i) the presence of functional ␣7 nAChRs, and (ii) the functional positive modulation of agonist-evoked currents by compound 6 and PNU-120596, as described above (SI Fig. 11 and SI Materials and Methods). In the toxicity assays, SH-␣7 cultures were exposed to compound 6 or PNU-120596 for 24 h at a dose range of 0.3 to 10 M, the range previously shown to evoke positive receptor modulation. Exposure to compound 6 (Յ10 M) did not reduce SH-␣7 viability, whereas exposure to PNU-120596 (3 and 10 M) induced a significant reduction in viability, similar in extent to that evoked by thapsigargin (Fig. 3) (23) . The cytotoxicity produced by PNU-120596 (3 M) was blocked by 10 nM methyllycaconitine, suggesting an ␣7 nAChR-mediated mechanism. Methyllycaconitine alone had no effect on cell viability (data not shown). Although we did not add a nicotinic agonist to our assays, the growth media contained Ϸ0.1 mM choline, an ␣7 nAChR-selective agonist (24) . As confirmed in our patch-clamp data (SI Fig. 11 and SI Materials and Methods), choline in the presence of PNU-120596 will evoke robust prolongation of channel opening in these cells (12) .
In Vivo Characterization of Compound 6. We assayed compound 6 in three rodent models relevant to cognition and schizophrenia. In the DBA/2 mouse model of sensory-gating deficit, compound 6 at 0.3 and 1 mg/kg, i.v., significantly reduced the ratio of test amplitude to conditioning amplitude (TC ratio) up to 90 min after administration, reflecting a dose-dependent normalization of sensory gating ( Fig. 4 and SI Fig. 12 a and b) . Under similar conditions, PNU-120596 was active in the DBA/2 model at 1 mg/kg but not 0.3 mg/kg and had a shorter duration of action than compound 6 (SI Fig. 13 ). The reduction in TC ratio (specifically, the test amplitude component) evoked by compound 6 was fully blocked by ␣-bungarotoxin (1.25 nM, intracerebroventricularly) (SI Fig. 14) .
In the MK-801-induced hyperlocomotion model in NSA mice, compound 6 at 0.3 to 3 mg/kg orally significantly reversed the effect of MK-801 (SI Fig. 15a ). The positive control haloperidol was also active but only at a dose that reduced locomotor activity when administered alone. Compound 6 at 0.1 to 10 mg/kg orally alone did not change locomotor activity (SI Fig. 15b) .
The eight-arm radial maze is a widely used animal model for testing hippocampal-based cognitive performance. In the memory acquisition paradigm, rats treated with compound 6 at 0.3 mg/kg, i.p., showed significant improvement in performance over vehicle-treated controls observed in both choice accuracy (Fig. 5 a and b) and percent correct performance ( In DBA/2 mice, brain penetration of compound 6 was determined at the behaviorally active dose of 0.3 mg/kg, i.v. Brain concentrations ranged from Ϸ1 M at 10 min to Ϸ0.3 M at 90 min after injection, corresponding to the time interval in which the TC ratios were measured (SI Fig. 16 ). In NSA mice, brain penetration of compound 6 was determined at the behaviorally active dose of 0.3 mg/kg orally. Brain concentrations ranged from a peak (C max ) of Ϸ0.3 to Ϸ0.15 M during the 120 to 150 min after administration interval that corresponded to the 30-min span during which hyperlocomotion was monitored (SI Fig. 16 ).
Discussion
Compound 6 represents a drug-like ␣7 nAChR PAM that robustly potentiates channel currents while preserving the rapid kinetic and desensitization properties of the channel. It is orally bioavailable and is active in rodent models relevant to both schizophrenia and cognition (25, 26) .
Our rationale to identify an ␣7 nAChR PAM began with the hypothesis that the GABA A and ␣7 nACh receptors exhibit sufficient homology to allow compounds that modulate both receptors. This concept is supported by the existence of PAMs with nonselective modulation across the ligand-gated ion channel family (11, 27) . The initial screening hit compound 1 modulated both GABA A and ␣7 nACh receptors, consistent with a conserved binding pocket. The increased selectivity for ␣7 nAChRs observed with compound 6 suggests that either compound 6 has moved away from the conserved binding pocket or the mechanism of modulation has changed. Currently, our experiments do not address the potential that compound 6 may share a binding site with other reported PAMs. Future studies using mutant ␣7 nAChRs or specific radioligands may provide more information regarding the mechanism of action on channel kinetics.
A key characteristic of native ␣7 nAChR activity is rapid channel kinetics and desensitization. An ideal positive modulator will increase currents without altering these native kinetics.
A PAM, such as compound 6, which enhances ␣7 nAChRmediated current amplitude while retaining rapid channel kinetics, will maintain the temporal and kinetic patterns of native synaptic signaling (8) . Identification of novel PAMs that preserve native kinetics represents a significant technical hurdle for high-throughput screening methods, requiring a combination of rapid agonist application and subsecond detection of channel activity. Assay formats using ''slowed'' receptors (17, 18) may not detect compounds such as compound 6. We instead used native receptors with a traditional electrophysiology format, incorporating a customized fast drug application system (28), allowing high-resolution detection of PAMs that retain rapid kinetics.
Maintenance of rapid channel kinetics is also particularly important because ␣7 nAChRs are highly permeable to Ca 2ϩ , an ion associated with cell toxicity (16) . Ca 2ϩ -mediated toxicity related to ␣7 nAChRs with slowed kinetics has been previously reported in the form of the receptor mutations L250T and/or V251T, which evoke cytotoxicity in SH-SY5Y cells and lethality in mutant mice because of Ca 2ϩ -mediated apoptosis (15, 29) . The L250T mutation results in a constitutive prolonged opening of ␣7 nAChR channels (30) , similar to the prolonged opening evoked by PNU-120596 in the presence of an agonist, predicting that PNU-120596 may have similar toxic effects in the presence of an agonist. Our data show that PNU-120596 is cytotoxic to the SH-␣7 cell line, consistent with this general hypothesis. Although we did not add a nominal nicotinic agonist to our assay, the growth media contained Ϸ0.1 mM choline, an ␣7 agonist that would evoke prolonged channel opening in the presence of PNU-120596 (24) . In contrast, compound 6 is not cytotoxic to SH-␣7 cells over the same range of concentrations tested. This suggests that PAMs that preserve fast kinetics, like compound 6, may selectively modulate ␣7 nAChRs to enhance synaptic neurotransmission while minimizing the risk of Ca 2ϩ -related toxicity. Nevertheless, definitive in vivo toxicity studies must be done to confirm this possibility before the therapeutic potential of PAMs such as compound 6 can be assessed.
The DBA/2 mouse model of sensory-gating deficit is highly correlated to a similar deficit in schizophrenia (31) . Unlike several rodent-gating models that use pharmacological manipulation to elicit sensory deficits, DBA/2 mice have a reduction in ␣7 nAChR expression and intrinsic sensory-gating deficits, properties also observed in schizophrenics (3, 32) . Consistent with the role of ␣7 nAChRs in sensory gating, compound 6 significantly reverses sensory-gating deficits in DBA/2 mice. This improvement in TC ratio is produced primarily by a decrease in test amplitude, which is consistent with previous studies with GTS-21, the ␣7 nAChR partial agonist, which also induces a similar effect (31) . Consistent with an ␣7 nAChR-mediated effect, ␣-bungarotoxin blocked the improvements induced by compound 6 in sensory gating.
The antagonism of NMDA receptors by phencyclidine and its analog, MK-801, has been shown to induce schizophrenic-like symptoms in humans and hyperlocomotion in rodents (33, 34) . Although the exact mechanism for MK-801-induced hyperlocomotion in rodents remains obscure, the assay may have heuristic value in that clinically used neuroleptics, including haloperidol, are active in this model (33) . Compound 6 significantly reduces MK-801-induced hyperlocomotion, suggesting potential therapeutic usefulness in alleviating schizophrenic symptoms related to NMDA hypofunction. The dose-response relationship for compound 6 revealed an optimally effective dose (e.g., reduced activity at higher doses resulting in a ''bell-shaped'' doseresponse relationship) in this model, a phenomenon observed in other paradigms evaluating nicotinic agonists and theorized to be related to an optimal degree of nicotinic receptor stimulation (35, 36) .
The rat eight-arm radial maze has been used extensively to study the mechanisms involved in hippocampal-based working memory (26) . Compound 6 shows significant improvement in both choice accuracy and percent correct performance in this model, with an optimal dose range for improvement in performance, as noted above. These results are consistent with the hypothesis that ␣7 nAChRs are involved in cognitive function, perhaps by modulating attention and that activating these receptors may help correct cognitive deficits (26) .
Pharmacokinetic studies suggest that compound 6 reaches brain concentrations sufficient to modulate ␣7 nAChRs in these behavioral assays, and that these brain levels correspond to the time during which significant behavioral effects were observed. For example, in the sensory-gating studies, compound 6 declines to 0.3 M in the brain 90 min after i.v. administration of 0.3 mg/kg of compound 6. This concentration (0.3 M) correlates with positive modulation at ␣7 nAChRs measured in vitro from 5% (control) to Ϸ20% of the I max . Importantly, modulation of GABA A receptors by 0.3 M compound 6 is not significantly different from control, suggesting that low efficacy modulation at ␣7 nAChRs, and not GABA A receptors, is sufficient to correct the sensory-gating deficit (SI Fig. 10 ). Additional support for the hypothesis that GABA A receptor-mediated activity is minimal or nonexistent is the observation that compound 6 does not induce rotarod failures at brain levels of up to Ϸ17 M (data not shown). More importantly, these results imply that a selective PAM that does not perturb the rapid native channel kinetics of ␣7 nAChRs, such as compound 6, has sufficient efficacy to restore sensory gating despite an Ϸ50% reduction of hippocampal ␣7 nAChRs in DBA/2 mice (32) and that potentiation of ambient concentrations of endogenous agonist is sufficient to restore function in this model.
The therapeutic usefulness of targeting ␣7 nAChRs for cognitive disorders is further supported by evidence suggesting ␣7 nAChRs mediate the attention deficit underlying impaired cognition observed in ␣7 nAChR knockout mice (37) . Recent clinical trials have demonstrated that GTS-21 significantly improves cognition in schizophrenics, supporting the proposal that stimulation of ␣7 nAChRs will have beneficial effects in both sensory inhibition and cognition (38) . Correction of cognitive deficits, thought to be a major determinant and predictor of work disability and poor community adaptation in schizophrenia, could be a major breakthrough in aiding the return of these patients into mainstream society (39) . Currently, there are no drugs that adequately or specifically address the cognitive deficits of schizophrenia.
We used a translational strategy to generate compound 6, a selective ␣7 nAChR PAM that preserves the rapid native kinetic properties of channel activity and avoids potential Ca 2ϩ -mediated neurotoxicity. Our data suggest that therapeutic agents with the properties of compound 6 may have usefulness against CNS disorders involving cognitive deficits such as schizophrenia. Future studies may also show potential usefulness in other neuropathological disorders related to ␣7 nAChRs, including Alzheimer's disease, attention deficit hyperactivity disorder, and other diseases involving cognitive dysfunction.
Materials and Methods
Oocyte Electrophysiology. cDNA clones were provided as gifts: ␣7, ␣4, and ␤2 nAChRs from Jon Lindstrom (University of Pennsylvania, Philadelphia, PA); GABA A receptor subunits from CoCensys, Inc. (Irvine, CA); and ␣3, ␤4, ␣1, ␤1, ␥, and ␦ nAChRs from James Boulter (University of California, Los Angeles, CA). 5-HT 3A was purchased from the American Type Culture Collection (Manassas, VA). mRNA transcription was performed with the mMessage mMachine system (Ambion, Austin, TX) and diluted to Ϸ1 g/l.
Oocytes were obtained from Xenopus laevis frogs by using procedures approved and monitored by the University of California, Irvine Institutional Animal Care and Use Committee.
Preparation, microinjection, and maintenance of oocytes were as described previously (40) . Individual oocytes were injected with 0.005 to 50 ng of each subunit mRNA as follows (ratio of subunits in parentheses): ␣7 nAChR; ␣4␤2 nAChRs (1:1); ␣3␤4 nAChRs (1:1); ␣1␤1␥␦ nAChRs (1:1:1:1); GABA A receptor subunit combinations (␣2␤3␥2L and ␣1␤2␥2L) (5:1:1); and 5-HT 3A receptors. Two-electrode voltage-clamp recordings were made 3 to 14 days after mRNA injections at a holding voltage of Ϫ70 mV unless specified. The nACh and 5-HT 3A receptor recordings were performed in Ca 2ϩ -free Ringer's solution (115 mM NaCl/2mM KCl/1.8mM BaCl 2 /5 mM Hepes, pH 7.4) to limit Ca 2ϩ -activated chloride currents. Atropine (0.5 M) was used in recordings by using ACh to prevent endogenous muscarinic currents. The recordings using GABA were performed in standard Ringer's solution (115 mM NaCl/2 mM KCl/1.8 mM CaCl 2 /5 mM Hepes, pH 7.4). In all oocyte recordings, drug and wash solutions were applied by using a custom-designed microcapillary ''linear array,'' which allows rapid (subsecond) application of agonists (28) . Currents were recorded on a chart recorder and/or PC-based computer (PClamp 9.0; Molecular Devices, Sunnyvale, CA). Concentration response curves were reported as I/I max , where I is the amount of current given by a selected concentration of drug and I max is the amount of maximal current. Concentration-effect data were fit to a four-parameter logistic equation (GraphPad Software, San Diego, CA).
Cell Viability. SH-SY5Y-␣7 cells (passage 6) were a gift from Christian Fuhrer (University of Zurich, Zurich, Switzerland). The cells were maintained in ''complete growth medium'' as described (SI Materials and Methods). ''Experimental medium'' consisted of complete growth medium with 0.5% FBS.
SH-SY5Y-␣7 cells were plated on 96-well plates at a density of 15,000 cells per well (100 l of 1.5 ϫ 10 5 cells per ml) in complete growth medium and placed into a 37°C incubator for 20 to 24 h. Complete growth medium then was replaced with experimental medium alone (''compound free'') or containing appropriate concentrations of compound and returned to the 37°C incubator for 20 to 24 h. The medium was then replaced with fresh experimental medium and 20 l per well MTS solution (CellTiter96 cell viability kit; Promega, Madison, WI) and returned to the 37°C incubator for 3 h, after which the plate was read on a microplate spectrophotometer at an absorbance of 490 nm. For all data analysis, data were normalized to untreated compound-free wells (100% cell viability) and a background absorbance taken from wells containing experimental medium and MTS solution.
Auditory Evoked Potential Model of Sensory Gating. Male DBA/2 mice (20-25 g; Harlan, San Diego, CA) were prepared as described (31) . Three parameters were measured: conditioning amplitude, the magnitude of the response to the first, or conditioning stimulus of paired identical stimuli delivered 0.5 sec apart; test amplitude, the magnitude of the response to the second, or test stimulus; and TC ratio, the ratio of the test amplitude to conditioning amplitude. Formulation of compound 6 at 0.1 and 0.3 mg/kg was in 0.2% DMSO/0.8% Solutol/99% saline and at 1.0 mg/kg was in 1% DMSO/1% Solutol/98% saline. PNU-120596 (0.3 and 1.0 mg/kg) was formulated in 5% DMSO/5% Solutol/90% normal saline. Five baseline ''b'' records were taken before compound 6 or PNU-120596 administration. Compound 6 or PNU-120596 were administered at 4 ml/kg, i.v., at various doses. ␣-Bungarotoxin (1.25 nM) was administered by intracerebroventricular injection in 1 l of saline before injection of compound 6 (0.3 mg/kg, i.v.).
Eight-Arm Radial Maze Task. Adult male Sprague-Dawley rats (250-300 g; Charles River, Wilmington, MA) were housed four per cage and were food-restricted to maintain their body weights at Ϸ90% of free-feeding levels, adjusted for growth. This protocol was approved by the University of California, Irvine, Institutional Animal Care and Use Committee. Testing used an automated radial maze (Coulbourn Instruments, Allentown, PA) consisting of a 30-cm central octagon platform with eight radial arms (10 ϫ 38 cm) bordered by Plexiglas in a room with fixed extramaze visual cues. Ends of the arms were baited with a 45-mg sugar pellet. Testing for memory acquisition used a partial baiting paradigm (four of eight arms randomly selected and baited) for a total of seven sessions. Arm entries were recorded if at least two of the rat's paws and half a body crossed the threshold of the arm, and (correct) arm completion was also noted whether the sugar pellet was eaten. The training trial was considered complete when all four pellets were consumed or 5 min had passed. Rats were divided into four groups that were injected daily (i.p.), starting with the first day of shaping, with either vehicle or compound 6 (0.1, 0.3, or 1.0 mg/kg) 30 min before testing. The timing of test drug injections was chosen to allow peak brain levels to be present during the time when the behavioral test was performed. Scoring included working memory errors and reference memory errors (26) . Percent correct performance was calculated by using the following formula: % correct performance ϭ no. of correct choices/(maximum no. of correct choices ϩ total no. of errors) ϫ 100 (41) . Choice accuracy was also measured by using ''entries to repeat,'' which was the number of correct baited arm entries until a working memory error was committed, with ''4'' considered a perfect working memory score. Response latency (seconds per entry) and trial duration (seconds) were also recorded.
SI. Additional data can be found in SI Figs. 6-16 and SI Materials and Methods.
